The myelin sheath of nerve fibers represents one of the most highly organized components of biological systems, which, despite its marked lability, has proved to be uniquely suitable for a systematic analysis by combined application of physical and chemical techniques. Extensive polarized light studies (4, 34, (48)(49)(50)(51) of the strong birefringence of the sheath suggested it to be built up of concentrically disposed protein lamellae alternating with submicroscopic layers of lipide molecules oriented with their long axes in the radial direction. Low-angle x-ray diffraction studies (1, 5-7, 21-32, 51-55) supported this concept and furnished quantitative data on the highly ordered arrangement of the lipide, protein, and water components in the normal myelin structure. The fundamental x-ray diffraction spacings of 170 A found in amphibian and of 180 to 185 A in mammalian nerves were assumed to correspond to the thickness of the concentric lipide-protein layers deduced from polarized light investigations.
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STUDIES OF NERVE MYELIN SHEATI{ localization of the sheath proteins, the lipides, and the various other components of myelin.
Earlier investigations of controlled physical (temperature (6) and water content variations (5, 28) ) and chemical modifications (treatment with lipide solvents (7, (10) (11) (12) (13) and enzymatic digestion (10-13)) of normal nerve, which were carried out independently with x-ray diffraction techniques and electron microscopy (10.13, 15, 20) , have already given valuable clues regarding the thickness of the lipide and protein layers and the general arrangement of molecules within these layers. It seemed, therefore, worthwhile to attempt a systematic study of the normal and modified myelin sheath through the combined application of low-angle x-ray diffraction techniques and high resolution electron microscopy which supplement each other in many ways. The x-ray diffraction method offers the significant advantage of being applicable to the intact nerve trunk under physiological conditions (52, 5) without having to sever its connections with living tissues or to isolate single fibers. Moreover, since the radiation exposure required for recording the patterns appears to have negligible effects upon the action potentials and irritability of nerve, the parameters derived from the x-ray diffraction pattern of normal active nerve can be considered a reliable basis for all structural analyses of the myelin sheath. In connection with the extraction experiments carried out on fresh myelin, x-ray diffraction is also a valuable tool for identifying the extracted and dried lipides which give characteristic x-ray diffraction patterns (44, 53 ).
An additional advantage of x-ray diffraction studies in connection with electron microscopy derives from the averaging character of the recording process, since a single pattern represents an average of the main structural parameters of all the nerve fibers in the exposed nerve trunk which contribute to the diffraction. This considerably reduces the time and effort required for a satisfactory ultrastructural survey.
Electron microscopy has, however, the decisive advantage of directly visualizing the structural details of macromolecular dimensions and depicting the complex patterns of organization in the submicroscopic domain which no other method can reveal. The results of controlled modifications of the myelin sheath can also often be observed at various stages in a restricted area. The obvious disadvantage of having to work with material subjected to extensive preparative procedures which may produce artifacts, can be partly offset by controlling the results with x-ray diffraction techniques.
In order to achieve a satisfactory correlation of electron microscopy with x-ray diffraction techniques, it was found necessary to examine a large number of serial ultrathin sections prepared from the same specimen utilized for the low-angle diffraction studies. The use of a diamond knife (14, 17, 18) was an important contributing factor, since it facilitated the preparation of several thousand undistorted ultrathin serial sections of nerve with an appreciable saving of time and effort. In addition to the established methacrylate-embedding techniques, a new embedding procedure has been successfully tried out, utilizing a water-soluble medium (gelatin) which gives excellent preservation of the myelin sheath structure. This gelatin-embedding technique was used in combination with potassium permanganate fixation (40) as an alternative to osmium tetroxide. The attainment of a consistently high resolution of the order of 10 to 20 A in a large number of plates was also necessary for adequate evaluation of the data reported here.
Although the observations described in this paper deal exclusively with the fine structure of the myelin sheath, many of the results may be relevant to the submicroscopic organization of other biological systems. Thus, the work of Geren et al. (35) (36) (37) (38) , which indicates that the myelin sheath derives from a rolled-up Schwann cell surface, implies that there is a close structural relationship between the layers of the myelin sheath and the cell surface membranes. If we tentatively adopt this analogy, then the myelin sheath can be regarded as a model system formed by multiple unit membranes closely packed in highly regular array and ideally suited for x-ray diffraction studies, which could never be applied directly to the study of a single cell membrane. Furthermore, although the electron microscope is capable of visualizing a single cell membrane, the repetitive structure provides a far more reliable basis for the consideration of the structural significance of controlled modifications of the system. It, therefore, represents an exceptionally favourable celt membrane model for detailed analysis by x-ray diffraction and electron microscopy of the structural changes induced by controlled physical and chemical modifications.
It is hoped that the present investigation may serve to illustrate how electron microscopy and x-ray diffraction techniques can be applied together and their results correlated to gain further insight into the ultrastructure of living tissues.
Materials and Methods
Materials.--The peripheral and central nerves used in this study were obtained from living, anesthetized, mature rats of an adapted Sprague Dawley strain, from mice of the C 57 L strain, from Rana pipiens, and from Venezuelan giant toads (Bufo marinus). The peripheral nerves (sciatics and brachial plexus) and central nerves (optics and small blocks of white matter from the brain and spinal cord) were exposed by careful dissection and immediately prepared for electron microscopy and/or x-ray diffraction.
Fixation.--In many cases the specimens were fixed in situ by dripping cold fixative directly onto the exposed and still intact nerve trunks. The following fixation agents were used:
(a) Fresh solutions of 1 or 2 per cent osmium tetroxide in isotonic veronal-acetate buffer (pH 7.2) applied at a temperature of 14°C. for a period of 1 to 4 hours; (b) Potassium permanganate applied according to the procedure described by Luft (40) at a concentration of 0.6 per cent in veronal-acetate buffer (pH 7.5) for 1 to 4 hours at 0°C; (c) Phosphomolybdic and phosphotungstic acids in 1 to 2 per cent solutions applied for 15 minutes to 2 hours at 0°C.
(d) Fresh solutions of 1 or 2 per cent uranyl acetate in Ringer or 4 per cent formalin applied for 15 minutes to 2 hours at 0°C.
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(e) Fresh solutions of 1 or 2 per cent lanthanum nitrate in Ringer or 4 per cent formalin applied at a temperature of 4°C. for 1 to 6 hours.
Embedding.--Mter fixation the following embedding procedures were used alternatively: (a) Embedding in n-butyl methacrylate after dehydration by passage through a graded series of ethanol (70 per cent to absolute ethanol by increments of 10 per cent) following the procedure described by Palade (43) using 2 per cent luperco CDB as catalyst. Prepolymerization of the methacrylate was frequently used.
(b) Gelatin embedding: Mter adequate fixation the small specimen blocks (1 to 3 cubic mm.) were rinsed briefly with isotonic veronal-acetate buffer, and then immersed in a fresh 10 per cent solution of bacteriological gelatin (Merck) at 40°C. for 15 to 30 minutes. This was followed by transfer to a 20 per cent gelatin solution for 15 minutes, and then to 30 per cent gelatin prepared in a 2 per cent glycerin solution for a further 15 to 30 minutes. This gelatin solution containing the specimens was solidified by pouring it into a Petri dish in the icebox at 4°C. Upon reaching a suitable consistency, small gelatin cubes of 4 to 5 millimeters, each with the specimen in the center, were cut out and placed in a desiccator connected to a mechanical forepump reaching a vacuum of 10 -a mm. Hg. After 5 to 6 hours the gelatin blocks had dried and were hard enough for ultrathin sectioning. The blocks containing the specimens were trimmed down and affixed to wooden pegs in the desired orientation using commercial glue. These pegs were then mounted on the specimen holder of the ultramicrotome. The gelatin matrix is usually so hard that it has to be cut with a diamond knife, but the sections obtained are just as thin as those of methacrylate-embedded material. This embedding technique obviates the use of ethanol and other chemical dehydrating (and extracting) agents, and yields excellent preservation of the fine structure of the myelin sheath, particularly in connection with osmium and permanganate fixation.
Microtomy.--The ultrathin serial sections of 100 to 300 A used in this investigation were prepared with a Mortn ultramicrotome (16, 18) equipped with a diamond knife (14, 17) . The exceptional durability and high quality of the diamond cutting edge (the same knife can be used continuously for a period of 6 to 12 months without resharpening), which is permanently attached to the microtome and rarely needs readjustment, were important technical factors in obtaining the large number of satisfactory ultrathin serial sections required. The sharpness of the diamond cutting edge and the high degree of stability of the Mor~n ultramicrotome ensured regular production of the very thin serial sections (50 to 100 A thick) required for high resolution studies. A notable feature of the sections cut with the diamond knife is the lack of compression and distortion of the myelin sheath, which is important in a quantitative evaluation of its periodic fine structure. The freezing-ultrathin sectioning technique described earlier (9) (10) (11) (12) which can be applied directly to fresh or fixed, unembedded nerve was also used for control purposes. Most of the sections for high resolution work were deposited on special formvar films with uniformly distributed holes of 500 to 5,000 A diameter. These films were prepared by coating clean glass slides with a 0.1 or 0.2 per cent solution of formvar in 1,2-dichloroethane in an atmosphere of precisely controlled relative humidity (80 to 90 per cent). The films were then stabilized by vacuum evaporation of a thin carbon film, or by cathode sputtering in a naphthalene atmosphere. By using these fenestrated films certain areas of the sections which were stretched across the holes could be examined free from any background structure, while the edges of the minute holes provided an adequate reference for focusing rapidly, thus avoiding contamination of the specimen.
Experimental Modifications of the Myelin Sheath.--In order to study the effects of controlled physical and chemical modifications the following experiments were performed on fresh peripheral and central nerves:
(a) Freezing and thawing: Immediately after removal from the living animal, the nerve trunks were plunged into liquid nitrogen or liquid helium (at --269°C.) contained in a Dewar flask and left there for 3 to 5 minutes before being taken out and thawed at room temperature (22°C.). The thawed nerves were subsequently fixed in 1 or 2 per cent buffered osmium tetroxide solutions and embedded in n-butyl methacrylate or in gelatin. Parallel freezing experiments were also conducted at -30°C., the preparation remaining frozen for 1 hour and then returning to room temperature for 1 hour before further treatment.
(b) Ultracentrifugation of fresh whole nerve: Fresh nerve trunks were carefully inserted into closely fitting glass capillaries which were then sealed and introduced in the transverse or longitudinally oriented holes of the special plexiglas chambers (Fig. 2) described earlier (19) . These plexiglas chambers were subjected to ultracentrifugation (140,000 to 200,000 g) in the Spinco preparative or analytical ultracentrifuges at temperatures of 4-12°C. during periods ranging from 2 to 24 hours.
With the described arrangement the nerves could be extracted intact after the ultracentrifugation run by cracking the glass capillaries in a small vise. The nerves were immediately fixed in 1 or 2 per cent buffered osmium tetroxide solutions and embedded in methacrylate or gelatin.
(c) Trypsin digestion: Fresh whole nerve trunks were placed in a solution of 1 per cent crystalline trypsin (from Worthington Chemical Co.) in veronal-acetate buffer at 37°C. during periods ranging from 8 to 12 hours. The slightly swollen and mushy looking nerves were quickly rinsed in veronal-acetate buffer of the same pH and fixed in 1 per cent buffered osmium tetroxide solutions before embedding in methacrylate or in gelatin.
(d) Extraction with lipide solvents:
Several series of experiments were carried out in which fresh whole nerve trunks were extracted with 30 ml. of pure acetone (Merck pro analysis), or pure ethanol, ethanol-ether, or chloroform-methanol (3:1) for 12 hours at 0°C. The extracted nerves were transferred to 2 per cent osmium tetroxide solutions after a brief rinsing in veronalacetate buffer or in Tyrode solution, and then embedded in n-butyl methacrylate or in gelatin. The extraction fluid was evaporated down in a partial vacuum, and the resulting dried lipide extract prepared for examination by x-ray diffraction, or for electron microscopy and electron diffraction after treatment with 1 to 2 per cent buffered osmium tetroxide solution.
Electron Microscopy.--Many of the sections were examined with an RCA EMU 3B electron microscope connected to the specially regulated electrical power supply of this laboratory (with less than 0.2 per cent voltage variations), using the high gain specimen holder designed by Reisner and objective apertures of 15 to 20 microns diameter. The high voltage stability of this instrument working at 50 and 100 kv. made it possible to use special Kodak high resolution plates (KP 41394) with exposure times of 10 to 15 seconds when taking micrographs at electron optical magnifications of 12,000 to 51,000. Because of the extremely fine grain of the emulsion, these plates can be enlarged 50 to 100 times, thus giving final magnifications of 1 to 2 million diameters, which permit the evaluation of details of the order of 10 to 20 A. In the latter part of this investigation a Siemens Elmiskop 1 a was also used, working mostly at 80 kv., and provided with objective apertures of 30 and 50 microns diameter. With this instrument the micrographs were taken at electron optical magnifications of 30,000 to 98,000 and subsequently enlarged 10 to 30 times, using accurately measured specimen grids for precise calibration of the enlargements. The average spacing of the concentric laminated structure of the sheath could be determined with considerable accuracy by measuring directly large areas of the plates with a Cambridge universal measuring machine. The observations described here are based on the evaluation of 3,000 electron micrographs, in which an average resolution of 10 to 30 A was consistently achieved.
X-Ray Diffraction.--Most of the x-ray diffraction patterns considered in this paper were recorded photographically using a low-angle vacuum camera of a design described in detail in previous publications (22, 27) . This camera was used in conjunction with CuKa radiation from the 0.1 mm. line focus of a North American Philips x-ray diffraction unit. The whole width of the focus was utilized by horizontal defining and guard apertures close to the entrance to the camera, and all low-angle reflections from myelin (up to 250 A) could be recorded at a specimen-to-film distance of 140 ram. in a 2 hour exposure. Moist specimens to be examined in the vacuum camera were sealed in thin walled pyrex glass capillary tubes containing the appropriate immersion medium. Embedded preparations, which had been used for thin sectioning for electron microscopy, were subsequently trimmed down to remove as much as possible of the surrounding embedding medium and then mounted directly on the specimen holder in the vacuum camera.
When a more rapid recording of the principal low-angle reflections was required, as for instance whilst the nerve specimen was kept in the frozen state, a Geiger counter recording was used. The counting equipment available was a North American Philips wide range goniometer. By inserting a very fine (0.1 mm.) defining slit (divergence slit) in the "divergence slit assembly," and placing the appropriate size of guard aperture at the axis of rotation of the counter arm, it was possible to record reflections at diffracting angles below 5 ° from a single nerve trunk placed very close to the guard aperture. This simple adaptation did not interfere with the normal use of the goniometer, and the low-angle performance was adequate for the requirements of these experiments. A photograph of the x-ray equipment is shown in Fig. 1 .
RESULTS
The standard of reference for the study of myelin structure is provided by the x-ray diffraction pattern of fresh intact nerve, which features a diffuse wide-angle reflection at about 4.7 A and a number of very well defined reflections at low angles. When the nerve trunk is examined at right angles to the fiber direction, with a pinhole collimating system for the x-ray beam, the wideangle diffraction shows meridional intensifications and the low-angle reflections exhibit a precise equatorial orientation. These characteristic low-angle reflections can be accounted for as the first five orders of a fundamental spacing varying from 170 A in amphibians to 184 A in mammalian peripheral nerve (52, 53). The actual values determined in these studies were 171 A for Rana pipiens, 174 for Venezuelan Bufo marinus (Fig. 3 a) , and 178 for the rat strains available here (Fig. 1 b) . These low-angle reflections show a characteristic alternation of intensities in the even and odd orders. When a slit collimating system is applied in order to obtain shorter exposure times the orientation effects are masked, and patterns such as those reproduced in this paper recorded.
Since fresh nerve cannot be examined directly in the electron microscope, and dried, unfixed nerve shows no well defined structure, an initial common basis for comparison has been sought in osmium-fixed preparations. The osmium tetroxide treatment introduces marked changes in the low-angle x-ray diffraction patterns, as illustrated in Fig. 3 . There is a shrinkage of the radial repeating unit by about 20 A in all types of specimens examined. In addition, there is a drastic modification of the distribution of x-ray scattering power within the unit, as indicated in particular by the increase in intensity of the first order reflection. A detailed comparison of the relative intensities of reflections in the diffraction patterns of osmium-fixed frog and rat sciatic nerves reveals considerable differences. Whereas the intensities show an approximately regular decrease with increasing diffraction order in the case of the amphibian nerve (Fig. 3 b) , in the pattern of the mammalian preparation (Fig. 3 c) the third order is unusually intense, and longer exposures bring up the fifth order reflection without the fourth order being detected. A further difference can be detected between the rat sciatic (Fig. 3 c) and the rat optic (Fig. 3 d) preparations, the fourth order being clearly observed in the OsO4-fixed rat optic, while its third order reflection is much less marked than that of the sciatic nerve.
Three techniques have so far been successfully applied in obtaining thin sections of the osmium-fixed nerve suitable for examination in the electron microscope. The first demonstration of the concentric laminated structure of the myelin sheath was obtained through freeze-sectioning (9--12) . Subsequently sections from embeddings in methacrylate (13, 35, 47) and in gelatin revealed this periodic structure with greater clarity.
Freezing-Sectioning.--When frozen sections of unembedded, osmium-fixed peripheral nerve were first examined by electron microscopy (9-12), a concentric laminated structure was observed in the myelin sheath. It consisted of a series of dense lines alternating with light spaces giving an average period of 58 A in frog sciatic and 71 A in rat sciatic nerves. Repetition of these experiments with improved techniques has revealed the same type of periodicity formed by lines of approximately equal density ( Fig. 5 ) with an average separation of 60 A in frog nerve. However, in many areas a larger period of about 120 A is apparent with a faint intermediate line at the half period (Fig. 5 b) . The prominence of each type of structure would appear to depend to some extent on the preparative procedure.
A change in the x-ray diffraction pattern occurs when OsO4-fixed peripheral nerve is frozen, the repeating unit shrinking by about 20 A and the second order reflection strengthening markedly in relation to the first order. There is, however, a complete reversal of the change when the specimen is thawed, so that no permanent modification results from the freezing procedure. Based on these observations, it would, therefore, be anticipated that the changes produced by freeze-sectioning followed by electron microscope examination are largely due to the drying of the OsO4-fixed specimen. Actually, the diffraction pattern of an osmium-fixed preparation which has been frozen and thawed before drying ( Fig. 5 c) does not differ significantly from the dried OsO4-fixed preparation. As compared with the moist OsO4-fixed frog nerve (Fig. 3 b) , the corresponding dried preparation (Fig. 5 c) shows a considerable shrinkage of the structural unit and a marked intensification of the second order diffraction.
Gelatin Embedding.--
A diffraction pattern very similar to that of the osmium tetroxide-fixed and air-dried preparation is obtained when the 0sO4-fixed nerve is embedded and dehydrated in gelatin (Fig. 6 b) . Addition of 2 per cent glycerin to facilitate thin sectioning appears to effect a small increase in layer spacing to 130 A as compared with 124 A in the pure gelatin preparation. In the corresponding electron micrograph (Fig. 6 ) of a cross-sectioned frog sciatic nerve fiber embedded in gelatin with admixture of 2 per cent glycerin, the concentric laminated structure of the myelin sheath appears very well preserved. The average period of 120 A is in good agreement with the x-ray spacing, and consists of a uniformly dense line ( 
Methacrylate Embedding.-
In the low-angle diffraction pattern obtained from sciatic nerve embedded in n-butyl methacrylate (Fig. 4 b) the second order reflection is relatively weak, and the layer spacing is of the same order as that recorded from the moist OsO4-fixed specimen (Fig. 3 b) . A closer x-ray diffraction study of the intermediate stages of the preparative procedure yielded the series of diffraction patterns shown in Figs. 7 b to f. The most striking point about this series of patterns is that the layer spacing shrinks markedly during the dehydration in the graded alcohol series (32) and then expands again in the methacrylate. The shrinkage, which is of the same order as that produced by air drying, does not result in an intensification of the second order reflection. There is, however, some indication of an apparently independent reflection appearing close to the third order diffraction at some stages of the process. The second and third order reflections are markedly reduced in intensity during this treatment. When the dehydrated specimen is immersed in the methacrylate monomer there is a rapid reexpansion of structure and a strengthening of second and third order reflections, the set of diffractions finally reverting to a pattern which closely resembles that of the original moist OsO4-fixed preparation. Prolonged immersion in methacrylate before polymerization does not seem to produce excessive expansion, but rather to restore the spacing to its original dimension in the moist state. Beyond this, it eventually produces a broadening of the reflections indicating distortion of the structure. When the methacrylate is polymerized, a further expansion of the structure by a few angstroms per unit is frequently observed, and usually there is a marked deterioration in the definition of the diffraction bands.
Tile corresponding electron micrographs of the myelin sheath in cross-sectioned rat sciatic nerve fibers are shown in Figs. 4 and 7. The spacings of the layers vary widely, and the average period of 130 to 140 A (Fig. 4 c) is invariably some 10 to 20 A lower than the x-ray fundamental spacing recorded from the same methacrylate-embedded specimen which is used for electron microscopy. The variation in the dimensions of the radial repeating period depends on the preparation techniques, the mounting of the specimen film, and frequently also on the thickness of the myelin sheath under examination. The most striking feature observed in the methacrylate-embedded specimens is the common occurrence of splitting of the 40 A thick dense lines into two finer lines (c/') each of 20 A or the dissociation into granular formations of about 60 A. The intermediate line (i) of approximately 15 A located in the central part of the light region usually has a faint appearance and a tendency to granulation. At the highest magnifications (Fig. 7 ) the concentric lamination can be resolved into extremely fine particles (10 to 15 A) arranged in various states of aggregation, which may represent primary osmium deposits.
Potassium Permanganate Fixation.-
The normal low-angle diffraction pattern of fresh toad sciatic nerve shown in Fig. 8 c can be compared with the patterns recorded from the same nerve after fixation with 0.6 per cent KMnO4 following the procedure recommended by Luft (40). The layer spacing is changed very little, but the third, fourth, and fifth order reflections are no longer detected so that the emphasis is now on the second order reflection (Fig. 8 d) .
When the KMnO4-fixed specimens were embedded in methacrylate by normal procedures, the diffraction patterns subsequently recorded indicated that there had been an extensive breakdown of structure as judged from the diffuse lowangle scatter which almost completely obscured the diffraction bands. Gelatin embedding, on the other hand, seemed to give a very good preservation of structure ( Fig. 8 e) . The diffraction pattern of the toad sciatic nerve embedded in gelatin with 5 per cent glycerin reveals a layer spacing of about 150 A and a continued accentuation of the second order reflection (Fig. 8 e) . The layer spacing found in the air-dried preparation was some 20 A lower than this.
Electron micrographs of ultrathin nerve sections fixed with KMnO4 and embedded in methacrylate showed a poor preservation of the layered structure of the sheath. In restricted areas where the layering could be observed the period was of the order of 120 A, and consisted of the usual dense line with an enhanced intermediate line, closely resembling the fine structure described by Luft (40) in the mouse sciatic nerve.
In accordance with the x-ray diffraction data, electron micrographs of KMnO~-fixed nerve embedded in gelatin showed an excellent preservation of the concentric laminated structure of the sheath (Fig. 8) . The myelin sheath appeared compact and devoid of the usual crevices. In both transverse and longitudinal sections a regular layering with a fundamental period of approximately 125 to 130 A is seen running uninterrupted throughout the sheath ( As a result, the layer spacing in these preparations often appears to be one-half of that indicated by the diffraction data. This is in keeping with the marked enhancement of the second order diffraction observed in the corresponding x-ray diffraction pattern (Fig. 8 e) . In many areas of these preparations the individual layers often show a tendency to dissociate into granular formations (Fig. 8 b) . Occasionally, the regular alignment of these formations is such as to produce a periodic crossbanding effect which is particularly noticeable in the axonal part of the myelin sheath. Similar cross-grating structures are frequently encountered in specimens which generally show a poor state of preservation of the sheath, and they may be related to artificial myelin forms (34) . Preliminary experiments with peripheral nerves fixed with either phosphomolybdic acid, phosphotungstic acid, uranyl acetate, or lanthanum nitrate, and subsequently embedded in methacrylate or gelatin, indicate similar features in the fine structure of the myelin sheath. In these preparations the intermediate lines are usually enhanced, and the cross-banding effect is particularly noticeable in poorly preserved areas of the myelin sheath.
The Myelin Sheath of Central Nerve Fibers.-
There is a wide variation in the thickness and number of concentric layers forming the myelin sheaths of central nerve fibers, particularly in the white matter of the brain and spinal cord (20, 41) . The absence of a connective tissue sheath around individual fibers leads to a widespread confluence of the myelin sheaths which merge into each other without distinct boundaries. The concentric laminated structure of the myelin of central origin is very similar to that of peripheral nerve, since it shows a similar radial repeating period of 120 to 130 A and essentially the same type of fine structure.
The present studies of central nerve myelin by electron microscopy and x-ray diffraction have been confined to preparations fixed with buffered osmium tetroxide and embedded in methacrylate or in gelatin.
Whereas the low-angle diffraction pattern of the normal rat optic nerve (Fig.  9 c) differs appreciably from that of the rat sciatic ( Fig. 1 b) , the treatment with osmium tetroxide tends to mask the differences. After embedding in methacrylate or in gelatin the differences are further reduced, so that the diffraction patterns of OsO4-fixed optic and sciatic nerves are then practically indistinguishable. Thus, the electron micrographs and the x-ray diffraction patterns of central nerve fibers are in general agreement.
Two characteristic features observed in the myelin sheaths of central nerve fibers by electron microscopy seem, however, to distinguish them from peripheral nerve myelin (19) . The first is the frequent occurrence of two (Fig. 9 ) or three closely spaced concentric dense lines which form a delimiting band between the internal part of the myelin sheath and its outer portion. Three lines are most commonly observed, and this could be accounted for by assuming an intensification of the normally faint intermediate line in this area. The second distinguishing feature observed (19) is even more consistent with this assumption, since it appears as a compact series of concentric layers measuring only one-half the thickness (approximately 60 A) of the fundamental radial period, forming a clearly delimited zone around the axon (Fig. 9 b) . This halving of the fundamental layer spacing, apparently brought about by intensification of the intermediate line, might be related to the marked tendency towards halving evident in the x-ray diffraction pattern of normal central nerve fibers (Fig. 9 c) . In Fig. 10 the spiral course of the few layers forming the myelin sheath of the smallest central nerve fibers can be clearly discerned, indicating that we are dealing with a continuous membrane closely wrapped several times about the axon (19) . The axon is bounded by a broad membrane (#) which appears to be continuous with the typical dense line of the laminated structure. After completing its spiral course the dense line again merges with the diffuse membrane (m) of an adjacent cell. Pictures of this type, commonly encountered in nerve fibers of central origin, closely resemble the formations described by Geren et al. 
Experimental Modifications of Myelin before Fixation.-
Freezing and Thawing.--In previous x-ray diffraction studies (6) considerable significance has been attached to the structural modifications resulting from freezing and thawing of fresh nerve. In peripheral nerve, such treatment results in a complete halving of the radial repeat; the two layers which are suggested as constituting this repeat become identical in x-ray-scattering power (Fig. 11 e) . Subsequent fixation with osmium tetroxide gives an osmium distribution which differs from that of the normal OsO4-fixed myelin. This difference is indicated in the low-angle x-ray diffraction pattern (Fig. 11 )9 by the marked increase in low-angle diffuse scatter and the intensification of the second order reflection. These effects persist after methacrylate embedding (Fig. 11 g) . The corresponding electron micrographs show a series of characteristic changes depending upon the conditions of freezing and thawing. In frozen and thawed nerve specimens which have been osmium-fixed and embedded in methacrylate, diffuse patches of varying size (100 to 2000 A) are seen distributed irregularly throughout the myelin sheath. These localized areas of structural distortion probably result from ice crystal formation and other effects of freezing. In addition, the majority of the preparations examined showed an increased general structural breakdown, and a marked intensification and broadening (Fig. 11) 
Ultracentrifugation of Fresh Nerve.-
In connection with earlier electron microscope studies (12, 15) ultracentrifugation of fresh whole nerve trunks was successfully applied to produce a displacement of certain components within the fibers, and as a reproducible form of oriented microdissection at the submicroscopic level (19) . The marked shortening produced by ultracentrifugation of a fresh nerve trunk in the longitudinal direction is shown in Fig. 2 b. Ultracentrifugation at right angles to the fiber direction produces a distinct flattening of the whole nerve trunk (Fig. 2 c) . Examination of nerve subjected to ultracentrifugation in the longitudinal direction revealed that the axonal material had been largely concentrated at the distal end of the fibers, while the myelin sheath was markedly compressed and crumpled (12) .
When ultracentrifugation (140,000 g) was carried out on fresh whole nerve at right angles to the fiber direction during relatively short periods (2 to 3 hours), the myelin sheath appeared partially detached from the external fibrous sheath, forming characteristic multiple folds which did not, however, coalesce into droplets. In confirmation of previous observations (12, 19, 20) , the concentric laminated structure of the myelin sheath was found to be well preserved and only slightly modified in these ultracentrifuged specimens. The radial period of the layers was slightly contracted or expanded in certain areas of folding, and some dissociation of the dense and intermediate lines into regular granular formations could be detected. These changes were even more pronounced when higher centrifugal forces (150,000 to 200,000 g) had been applied for long periods (8 to 24 hours). In these specimens all transitions were observed between a slight warping of the sheath lamination and a gradual compression of the individual layers leading to a collapse of the fundamental radial repeating unit (19, 20) , visible over large areas of the sheath. As shown in Figs. 12 and 12 b the two dense lines of each period have apparently been squeezed together, resulting in a system of double dense lines separated by a considerably reduced light space to give an average period of only 80 to 90 A. The dimensions of these paired dense lines representing the contracted period remain fairly constant, while the intercalated irregular light spaces vary widely (30 to 120 A) in different areas of the modified myelin sheath. The described modifications are repro-ducible, and the possibility of a preparation artifact could be excluded by performing parallel control experiments. The low-angle x-ray diffraction pattern of the fresh nerve obtained immediately after an ultracentrifugation run of 8 hours at 150,000 g (Figs. 12 c and d) showed the normal reflections together with several additional reflections which could not be accounted for in relation to the normal radial unit. Of these reflections, one at 65 A was fairly intense, but the others were weak, and it is difficult to relate them to any one fundamental period. When the preparation was fixed with osmium tetroxide the low-angle diffractions again corresponded to a single structure. These preliminary experiments indicate that the changes induced by ultracentrifugation of fresh whole nerve are evident both in the electron micrographs and in the x-ray diffraction patterns.
Trypsin Digestion of Fresh Nerve.-
Fresh nerve trunks from the rat or frog sciatic which had been incubated in crystalline trypsin acquired a peculiar swollen and softened appearance. In ultrathin sections of these specimens (osmium-fixed and embedded in methacrylate or in gelatin) the myelin sheath showed characteristic structural modifications. The period of the concentric lamination was usually slightly expanded (140 to 145 A), and there was a marked accentuation of the granularity of the dense lines. In certain areas (Figs. 13 and 13 b) the dense layers appeared dissociated into well defined granules 30 to 50 A wide and often elongated (40 to 60 A long) in the radial direction to the extent of bridging the light bands. These granules were separated from each other by regular light spaces of approximately 50 to 60 A, and frequently appeared well aligned in consecutive layers. In preparations with this prevalent granularity the faint intermediate line was usually not discernible. This appearance of the layers in thin sections is in striking agreement with earlier observations (10, 12-15) made on the isolated lamellae of the myelin sheath which, after trypsin digestion, disintegrate into rod-like granules (approximately 50 X 100 A) staining intensely with osmium.
Extraction of Fresh, Nerve with A cetone.--
Earlier experiments (7) showed that the lipide extracted from fresh peripheral nerve fibers immersed in acetone at 0°C. for 12 hours was almost entirely cholesterol. Chemical analysis revealed that about 30 per cent of the total cholesterol had been removed from the nerve, but that other lipide components remained intact.
The present experiments were repeated under exactly the same conditions, and the low-angle x-ray diffraction pattern of the lipide extract (Fig. 14 c) showed a very strong 34.2 A band characteristic of cholesterol, with no indications of higher reflections which might represent phospholipide or cerebroside components. The residual nerve tissue gave a low-angle diffraction pattern (Fig. 14 d) very similar to that of the normal dried nerve, though the residual lipoprotein spacing was somewhat higher (170 A as compared with 145 A). The specimen which had been fixed with buffered osmium tetroxide immediately after extraction, and subsequently embedded in methacrylate (Fig. 14 e) , showed first and second order reflections of a 170 A layer spacing, and a further broad band in the region of 50 A which would appear to correspond to one or more additional components.
High resolution electron microscopy revealed a series of striking modifications in the myelin sheath of nerves extracted with acetone at 0°C. In contrast to the action of other lipide solvents at higher temperatures, which produce a drastic alteration of the myelin sheath organization, the effects of acetone extraction at low temperature are relatively so mild that, after osmium fixation and methacrylate or gelatin embedding, large areas of the myelin sheath are still well preserved, and exhibit in addition the following interesting structural features:
(a) In transverse and logitudinal thin sections the myelin sheath shows varying degrees of extraction resulting in an irregular fibrous network, but major portions of the concentric laminated sheath structure are still very well preserved. In such areas (Figs. 14, 15, 16) 10 to 20 or more perfectly regular concentric layers with an average period of 160 A (as compared with 130 to 140 A in the normal) can be counted. Upon closer examination this period is seen to differ from the normal, not only in its larger dimensions, but also as regards the fine structural pattern of its dense and light bands. On either side of each dense line ( (Fig. 14) .
(c) In addition to these condensed systems of 45 to 50 A connected directly with the larger period, there are also isolated regions featuring a series of dense layers of widely varying periods (30 to 75 A) (Figs. 15 c, 16 b and c) .
(d) Throughout the well preserved regions of the sheath typical dense fusiform swellings (e) are seen associated at irregular intervals with the dense lines of the modified concentric laminated structure (Figs. 15 and 15 b; 16 c) . These fusiform swellings of widely varying dimensions (about 100 to 1,000 A long) are osmiophilic, and frequently show internal formation of dense layers. There are also transitions between these fusiform swellings and the described zones of condensed layers (p) (Fig. 16 c) .
Extraction of Fresh Nerve with Alcohol.-
Much more lipide was extracted from fresh nerve by treatment with alcohol at 0°C. for 12 hours than with acetone. The low-angle x-ray diffraction pattern of the lipide extract (Fig. 17 e) showed it to contain a phospholipide (and/or cerebroside) component which gives a strong reflection at 57 A. The diffraction diagram of the residual nerve (Fig. 17f) indicated a much more extensive breakdown of the lipoprotein structure, and the OsO4-fixed and gelatin-embedded preparation (Fig. 17 g) showed only faint and diffuse diffraction bands at 82 A and 43 A.
The myelin sheath of nerves extracted with alcohol, OsO4-fixed, and embedded in methacrylate presents the well known picture of a distorted fibrous network with complete obliteration of the concentric laminated structure. Only occasionally could remnants of an organized layered structure be detected and these showed patches of dense layers with a period of 40 to 50 A (Fig. 17) . Larger patches of organized structure were encountered in gelatin-embedded preparations, where two main types of layered system could be observed. Both systems feature a regular arrangement of dense lines (20 to 30 A thick) alternating with light spaces, but the period is in one case of the order of 70 A (Figs.  17 b and c) , and in the other 30 to 40 A (Fig. 17 d) . Direct transitions between the two systems were observed (Fig. 17 b) .
DISCUSSION
A satisfactory correlation has been achieved between electron microscope and x-ray diffraction observations performed on the same nerve preparations. In nearly all cases it has been possible to identify the repetitive features observed in the high resolution electron micrographs with corresponding reflections in the low-angle x-ray diffraction diagrams.
Moreover, based on the information provided by x-ray diffraction studies of nerve under physiological conditions, and of the modifications introduced by the preparative procedures used in electron microscopy, an attempt can be made to relate the structure of myelin as seen in the electron microscope to the normal organization of the myelin sheath.
The structural significance of electron microscope and x-ray diffraction observations on myelin can be considered in relation to two directions in the sheath, the radial direction, and a direction within the layers and perpendicular to the fiber axis. Most of the available data relates to the radial direction, and the main features of the low-angle x-ray diffraction patterns of the myelin preparations can now be equated with the layer separations observed in the electron micrographs.
74O STUDIES OF NERVE MYELIN SHEATH
In normal OsO4-fixed and methacrylate-embedded preparations the periodic arrangement of the dense layers of osmium deposition visualized in the electron microscope corresponds to the fundamental radial repeat indicated by the lowangle x-ray diffraction patterns. There is a consistent discrepancy of 10 to 20 A between the x-ray fundamental spacing and the layer thickness measured in the high resolution electron micrographs. It is suggested that this difference is due to a further minor shrinkage of the whole structure in the course of preparation of thin sections and their examination in the electron microscope.
In addition to the dense band of osmium, all types of preparation show an intermediate line, commonly of lower density, but susceptible of considerable variation both in width and in density according to the preparative procedures employed. In almost all of the preparations so far studied, the x-ray diffraction pattern has shown a first order reflection in the range of 120 to 170 A, though the second order reflection exhibits a marked variation in intensity relative to the first order, apparently correlative with the variation in density of the intermediate line. Thus, the relationship between the densities of the two bands of osmium deposition seen in the electron micrographs is reflected in the relative intensities of the two low-angle reflections in the x-ray diffraction patterns. There is also a close correlation between the amount of distortion seen in the preparation and the definition of the x-ray reflections, and also between the extent of structural breakdown and the intensity of diffuse scatter of x-rays at low angles.
Analysis of the Modifications Introduced by the Preparative Procedures.--
The available x-ray diffraction data from normal and modified nerve mye]in has been related to a radial repeat consisting of two lipoprotein layers distinguished by a difference factor, which has an appreciable effect on the distribution of x-ray scattering power in the case of peripheral nerve, but none in the case of fresh myelin of central origin. This difference factor furnishes an important criterion for characterizing the normal myelin structure.
The studies of OsO4 fixation in relation to electron microscopy have revealed a very marked difference between the two layers as regards their reaction with osmium tetroxide, and this applies to both peripheral and central nerve myelin. This difference factor manifests itself in the low-angle pattern as an increase in the intensity of the first order reflection and in the electron micrographs as a variation in the densities of the two principal bands of osmium deposition. The question of whether these difference factors, which show up under two diverse conditions, are actually identical, cannot as yet be answered with certainty. However, some of the modification experiments provide data suggesting that there is some relationship between the two factors. A further modification introduced by osmium tetroxide treatment is a shrinkage of the layer spacing by about 20 A and a stabilization of the system which is largely responsible for the preservation of organized structure during the subsequent preparative procedures for electron microscopy.
Potassium permanganate now provides an alternative method of fixation for electron microscopy of the myelin sheath, which presents certain interesting supplementary features. In contrast to the osmium tetroxide fixation, the shrinkage produced in myelin by KMnO4 treatment is relatively small, and the second order reflection of the low-angle diffraction pattern remains dominant, indicating almost complete halving of the structure. The dominance of the second order reflection persists through the dehydration and embedding procedures, and there is thus a strong possibility that the density variations seen in the electron micrographs of KMn04-fixed preparations embedded in gelatin are not far removed from those of the normal structure. The manganese atom is a relatively light one (atomic weight of 55) as compared with osmium (atomic weight of 190), and its effect on the distribution of scattering power within the structure may not be sufficient to mask the contributions of phosphorus, sulfur, calcium, and potassium which are the heaviest atoms present in the normal structure. The action of KMnOl may thus be principally one of stabilization of structure without a dominant staining effect such as is introduced by osmium. It is interesting to note that, from the point of view of both x-ray diffraction and electron microscopy, gelatin embedding gives a better preservation of the KMnO4-fixed myelin structure than does methacrylate embedding.
The x-ray diffraction data also presents useful information bearing on the relative merits of methacrylate and gelatin embedding of osmium tetroxidefixed myelin. It has been observed previously that the layer spacing in the methacrylate-embedded specimen is~ very similar to that of the freshly fixed material, as though perhaps methacryI~ ~ubstitutes for water in the structure and prevents shrinkage. The observations reported here now make it clear that the layer spacing does shrink markedly during the alcohol dehydration and expand s again when immersed in methacrylate. It is by no means certain that if methacrylate were to reexpand this structure it would do so at ionic interfaces. Hence, if it is simply a matter of removal of water layers, the methacrylate might in fact falsify the structural picture still further ahen it reexpands it. On the other hand, the final 30 A shrinkage of the osmium tetroxide-fixed preparation may result from a reorganization of lipidc or protein components. The methacrylate treatment might then simply be restoring the original organization and therefore present a more closely equivalent picture of the osmium distribution in myelin. However, the methacrylate polymerization does cause some structural distortions which are not evident in the gelatin-embedded material, and therefore, in general, both methods of embedding should be applied to provide complementary data.
The freeze-sectioning method dispenses altogether with embedding procedures, but the subsequent dehydration of the unsupported structures increases the tendency towards halving of the fundamental radial unit. This probably accounts for the reduced spacings reported in the earlier electron microscope studies of the myelin sheath. and thawing the peripheral nerve preparation prior to OsO4 fixation and methacrylate embedding indicates that the difference factor for osmium tetroxide may be related to that prominent in the normal peripheral nerve myelin, which is also markedly affected by this treatment. This enhancement further suggests that the intermediate line may be associated with a protein or lipoprotein region, which would be expected to be more readily affected by freezing and thawing than would a region featuring lipide hydrocarbon chains. The collapsing of the radial repeating unit observed in the myelin sheath after intense and prolonged ultracentrifugation might be interpreted as an indication of the greater stability of the dense lines, as compared with the compressed light areas. This would be in keeping with the tentative location of longchain lipides arranged radially in the light areas. These lipide molecules would be more exposed to the effects of transverse ultracentrifugation and might therefore tilt more readily, thereby reducing the layer spacing. The stability of the dense lines is compatible with their identification as concentrically arranged protein layers which should be more resistant to transverse centrifugal forces.
Analysis of the Experimental Modifications of Myelin
Lipide Extraction Experiments.--By analogy with earlier studies using x-ray diffraction and chemical analysis techniques, it can be assumed that extraction of fresh nerve with acetone at 0°C. in the present experiments has removed about 30 per cent of the cholesterol without extracting any appreciable amount of other lipides. However, in now introducing electron microscope observations on the acetone-extracted preparations, it must be emphasized that this does not permit a quantitative assessment of the amount of lipide that has been removed from any particular area viewed in the electron microscope. It is, nevertheless, interesting that acetone extraction carried out at low temperatures produces differentiated reproducible modifications of the concentric laminated structure of the myelin sheath. This suggests the feasibility of correlating, at least qualitatively, the preferential extraction of an important component like cholesterol with certain structural modifications in the still highly organized residual myelin as revealed by electron microscopy and x-ray diffraction. The electron microscope reveals at least two main modifications of the layered structure, and a further disorganized phase which must also be represented in the chemical composition. One of these structures has a layer dimension which is about 10 per cent greater than that of the normal preparation, and the appearance of the layers is changed considerably. The expansion of the layers is also apparent in the diffraction pattern of the acetone-extracted and tt. ~'ERN,~NDEZ-MOR,~N AND J. B. t~INEAN 743 dried tissue in which the residual lipoprotein spacing is considerably higher than in the normal preparation. It is thus seen to be a true expansion of the lipoprotein structure. Such an expansion has previously been explained in terms of an uncurling of phospholipide or cerebroside molecules which are assumed to be accommodated in a shortened form in the normal structure. This type of structural rearrangement might result from the removal of a portion of the cholesterol from the system. One of the most striking features of the modified structure is the appearance of an almost unstained region adjacent to the densely stained band. Again, the change should be related to removal of cholesterol from the system, but it is unlikely that this light area can be accounted for simply as the site from which the cholesterol component has been removed. It is notable, however, that the fusiform swellings, which are probably linked with the extraction process, appear invariably associated with the dense lines. It is, therefore, possible that the material accumulating in these swellings is drawn from the dense lines and the regions immediately adjacent to them. On the other hand, the removal of cholesterol from the system would undoubtedly lead to an extensive structural rearrangement within the layers, which in itself might account for some of the changes in the banded structure. A further interesting feature is the layer separation appearing as a kind of ribbon formation, each ribbon apparently representing a complete period bounded by two narrow dense lines.
The system of closely spaced bands seen in other parts of the myelin sheath may represent more than one type of structural arrangement. One type of arrangement is certainly derived directly from the more complex layered structure previously considered. In certain electron micrographs it is clearly demonstrated that the thicker layer collapses, so that the intermediate line becomes much more intense, and is comparable with the normally very dense line. The simplest way of accounting for this change in layered structure is in terms of different degrees of extraction, the collapsed structure probably having suffered the greater loss of lipide material.
It is probably significant that the dense lines seem to be relatively unaffected by the lipide extraction. This observation lends support to the suggestion that the heaviest osmium deposition is in the region of a protein layer. The fact that the intermediate line also persists in the collapsed layered structure may mean that this also features a protein component. In order to account for the various types of condensed layer systems found separately in the sheath, the possibility must be considered of recrystallization of free lipides in the disorganized parts of the sheath.
Similar considerations apply also to the alcohol extraction experiments. Alcohol is a well known agent for the breakdown of lipoprotein associations, and the fact that only very fine layered structures are observed in the alcoholextracted myelin may mean that only the protein skeleton of the original lipo-
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STUDIES O]? NERVE MYELIN SHEATH protein layers remains, and possibly also some recrystallized lipide. Although there are no quantitative chemical data available, it is evident that the structural breakdown and lipide extraction are carried further in the alcohol experiments than in the acetone extraction. These experiments stress two very important points in relation to myelin structure. The first is the importance of cholesterol, and the second is the probability that the heaviest osmium deposition is connected with the protein layers rather than with unsaturated hydrocarbon chains of lipide molecules.
Significance of the Findings in Relation to the Molecular Organization of Myelin.--
The nature of the sites of the osmium deposition is a basic question from the point of view of electron microscopy. The dense layer is 30 to 40 A thick, and in many preparations can be seen to split into two narrow lines. This observation can be related directly to the demonstrated formation of the myelin sheath from the Schwann cell membrane in peripheral nerve. Electron micrographs of developing nerve fibers show the process to consist of a rolling of the Schwann cell membrane around the axon in a double layer, and the formation of the dense band is clearly shown to result from an apposition of the fine osmium lines at the inner surface of the Schwann cell membrane. In the preparations in which the intermediate line is intensified, this is also seen to split into finer lines. Again, a division into two lines can be readily accounted for in terms of the band resulting from the close apposition of the two outer surfaces of the Schwann cell membrane.
It is tempting to think of these densely staining surface layers as protein layers, and although the evidence is not conclusive, there are already significant points in favor of a concentration of osmium at the protein layer or at the lipoprotein interfaces rather than among the hydrocarbon chains of the lipide molecules. It is, at the moment, impossible to decide the point from the available chemical knowledge because of the uncertainty of the exact chemical composition of the sheath, and the ability of osmium tetroxide to react with a wide variety of chemical groups which might occur in either lipide or protein.
The additional evidence now supplied by the freezing and thawing and by the extraction experiments gives considerable support to the assumption that the primary site of osmium deposition is at the lipoprotein interfaces.
In many electron micrographs of several different types of preparation, a strong tendency for the myelin layers to break up into granular formations has been observed. These granules appear to be of fairly uniform dimensions, and frequently give rise to a periodicity of 60 to 80 A along the layers. Although this granulation is often present in the normal osmium-fixed and methacrylateembedded preparations, it is still more marked when the specimen has been frozen and thawed before fixation, and particularly when fresh nerve has been digested with trypsin before fixation. KMnO4-fixed preparations also reveal this type of organization within the plane of the layers, and in many areas the structure appears as a regular two-dimensional array of 50 to 60 A wide particles. The x-ray reflections corresponding to such an organization would be expected to coincide with the second order reflection of the radial repeating unit, and might, therefore, not be distinguished in these preparations. However, it has been remarked previously that many features of the x-ray diffraction data require a strong 60 to 70 A vector to account for the relative intensities of the equatorial low-angle reflections. Such a vector is not provided by the present concept of the organization in the radial direction, and it has been noted that the vector could equally well be accounted for in the direction of the layers but perpendicular to the fiber direction. In view of the electron microscope observations indicating a strong tendency for the structure to break up into particles of these dimensions, a greater emphasis is now placed on the possibility of a considerable degree of organization within the plane of the lipoprotein layers.
Further data on the specific chemical composition of the myelin sheath, and on the localization of its protein and lipide components, is needed in order to achieve a detailed interpretation of the structural parameters derived from the electron microscope and x-ray diffraction studies. It is also essential to obtain quantitative information on the water content of the myelin sheath and its localization within the layered structure. A promising approach to this problem is offered by the new techniques of high resolution nuclear magnetic resonance spectrometry (19) , which can be applied to determine accurately the water content of fresh whole nerve, and the hydration state of its components, in a rapid and non-destructive way.
The interesting results already obtained by controlled extraction of fresh whole nerve with acetone at low temperatures indicate the potential value of extending and refining these experiments. Similarly, it will be of interest to apply more specific enzymes such as the phosphatases to effect a chemical dissection of the myelin structure at the submicroscopic level, which can be followed by combined application of high resolution electron microscopy and x-ray diffraction methods. The introduction of water-soluble embedding media such as gelatin may facilitate the application of micro-incineration techniques, and of selective extraction and digestion procedures carried out directly on suitably mounted ultrathin sections.
In view of the remarkable similarities of the myelin organization and the regular laminated structure of specialized energy converting systems like chloroplasts (39) and retinal rods (56, 15), the type of combined studies reported here might be usefully extended to these highly ordered components. SUMMARY 1. A close correlation has been obtained between high resolution electron microscopy and low-angle x-ray diffraction studies of the myelin sheath of frog and rat peripheral and central nerves. :Extensive studies were performed by application of both techniques to the same specimens, prepared for examination by OsO, or KMnO4 fixation, and embedding either in methacrylate or in gelatin employing a new procedure. Controlled physical and chemical modifications of the myelin sheath prior to fixation were also investigated.
2. A correspondence was established between the layer spacings observed in electron micrographs and the fundamental radial repeating unit indicated by the low-angle x-ray diffraction patterns. The variations in relative intensities of the low-angle x-ray reflections could be related to the radial density distributions seen in the electron micrographs.
3. An analysis of the preparation procedures revealed that OsO4 fixation introduces a greater shrinkage of the layer spacings and more pronounced changes in the density distribution within the layers than KMnO4 fixation. The effects of methacrylate and gelatin embedding are described, and their relative merits considered in relation to the preservation of myelin structure by Os04 fixation.
4. The experimental modifications introduced by freezing and thawing of fresh whole nerve are described, particularly the enhancement of the intermediate lines and the dissociation of the layer components in the myelin sheath. A characteristic collapsing of the radial period of the sheath is observed after subjecting fresh nerve trunks to prolonged and intense ultracentrifugation.
5. Controlled extraction of fresh nerve with acetone at 0°C., which preferentially removes cholesterol, produces characteristic, differentiated modifications of the myelin sheath structure. Electron microscopy reveals several types of modifications within a single preparation, including both expanded and collapsed layer systems, and internal rearrangements of the layer components. Alcohol extraction leads to a more extensive structural breakdown, but in certain areas collapsed layer systems can still be observed. The components of the lipide extracts could be identified by means of x-ray diffraction. These modifications emphasize the importance of cholesterol in the myelin structure, and disclose a resistance of the dense osmiophilic lines to lipide solvents.
6. The significance of these structures is discussed in relation to present concepts of the molecular organization of myelin. The available evidence is consistent with the suggestion that the primary site of osmium deposition is at the lipoprotein interfaces and that the light bands probably represent regions occupied by lipide chains. The electron microscope and x-ray diffraction data also indicate the possibility of a regular organization within the plane of the layers, probably involving units of 60 to 80 A. The myelin sheath is regarded as a favourable cell membrane model for detailed analysis by combined application of x-ray diffraction and electron microscopy. High resolution electron micrograph of myelin sheath segment from fresh giant toad sciatic nerves subjected to intense and prolonged ultracentrifugation (150,000 g for 12 hours) at right angles to the fiber direction, and then fixed in 1 per cent osmium tetroxide followed by embedding in n-butyl methacrylate. Notice the collapsing of the myelin layers into dense double line systems (arrows-d-) with an average period of 60 to 70 A. X 800,000.
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FIC. 12 b. Myelin sheath segment from the same specimen shown in Fig. 12 demonstrating the collapsed myelin layers produced by ultracentrifugation. X 400,000. Fig. 16 showing the characteristic fusiform swellings (e) associated with the formation of ribbonlike structures (3) during the process of extraction. Notice the separation taking place along the dense lines, and the relationship of the condensed layer system (p) with the fusiform swellings. X 160,000. 
